The ability to attach to a variety of oral surfaces is an important characteristic of Porphyromonas gingivalis. Previous studies have demonstrated that expression and production of FimA, a major subunit protein of the long fimbriae, is required for P. gingivalis colonization. Here we report that a surface protein, arginine deiminase (ArcA) of Streptococcus cristatus, represses FimA production and inhibits biofilm formation of P. gingivalis. This inhibitory function of ArcA is also observed in the formation of heterotypic P. gingivalisStreptococcus gordonii biofilms. P. gingivalis is released from streptococcal substrates in the presence of ArcA, likely due to an inhibition of FimA production. This work suggests that ArcA may have the potential to be a specific antibiofilm agent to fight P. gingivalis infections.
Porphyromonas gingivalis is a Gram-negative anaerobe associated with several forms of periodontitis, such as chronic destructive or refractory periodontitis (4, 26, 27) . The organism is also implicated in the etiology of some systemic diseases or conditions, including coronary heart disease, and the enhanced risk of a preterm infant with low birth weight (15, 25, 29) . Several virulence factors of P. gingivalis have been identified and well characterized (10, 14) . One of the features of the organism is its ability to bind to a variety of oral cavity surfaces, which is critical for sustaining the bacterium in supra-and subgingival environments. One of the surface components involving P. gingivalis attachment is the long (major) fimbriae. The role of the major subunit protein (FimA) of long fimbriae in the bacterium's pathogenicity has been well established. FimA appears to be capable of interacting with a number of human proteins, oral epithelial cells, and other oral bacteria (9, 18, 19, 21, 28) . Indeed, several studies have shown that a FimA-deficient mutant impacts its ability to form homotypic biofilms (12, 17) . FimA is also known as a critical determinant of P. gingivalis invasion, and thus a fimA mutant exhibits a lower invasion efficiency compared to the wild-type strain (11, 33) . Moreover, P. gingivalis FimA has been linked to the induction of an inflammatory process in periodontal tissues through a number of mechanisms (7, 8, 38) .
Expression of the fimA gene is tightly regulated in P. gingivalis in response to environmental cues. P. gingivalis appears to produce more FimA at lower temperatures or in an iron/ hemin-sufficient environment (2, 34) . We reported earlier that expression of the fimA gene is significantly repressed at the transcriptional level when P. gingivalis is grown in the presence of Streptococcus cristatus, an early colonizer of dental plaques (35) . A surface protein of S. cristatus, arginine deiminase (ArcA), was identified as the effector protein, and the inhibitory activity of S. cristatus on fimA expression was demolished in an arcA-deficient strain (37) . Arginine deiminase catalyzes the hydrolysis of L-arginine to L-citrulline and ammonia. Ammonia is believed to be important for oral biofilm pH homeostasis and caries prevention (3, 5) . We further demonstrated that the hydrolytic activity of arginine deiminase is not required for its ability to induce an alteration of expression of fimA, suggesting that ArcA is likely a dual function protein (37) .
Arginine deiminase is found in oral streptococci, including S. cristatus and Streptococcus gordonii. Differential expression of the arcA gene is observed in these streptococcus species (16) . S. cristatus expresses a much higher level of the arcA gene than S. gordonii. This observation provides an explanation, at least in part, for why the attachment of P. gingivalis to S. gordonii readily occurs, but P. gingivalis does not bind well on S. cristatus biofilms (13, 35) . It is suggested that differential expression of the arcA genes may be responsible for distinct roles of streptococcal species in biofilm formation of P. gingivalis. In this study, we examined the reduction in FimA production by P. gingivalis in the presence of purified S. cristatus ArcA. We demonstrated that biofilm formation by P. gingivalis on a saliva-coated surface and streptococcal substrates was significantly inhibited by the addition of ArcA.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains used in this study are listed in Table 1 . P. gingivalis 33277 was grown from frozen stocks in Trypticase soy broth (TSB) or on TSB blood agar plates, supplemented with yeast extract (1 mg/ml), hemin (5 g/ml), and menadione (1 g/ml), at 37°C in an anaerobic chamber (85% N 2 , 10% H 2 , 5% CO 2 ). Streptococcus strains were grown in Trypticase peptone broth (TPB) supplemented with 0.5% glucose at 37°C under aerobic conditions. Purification of S. cristatus arginine deiminase. Arginine deiminase was purified from surface extracts of S. cristatus CC5A using the methods described previously (37) . Briefly, the surface extract of CC5A was fractionated with ammonium sulfate. The fraction precipitated with 66% saturated ammonium sulfate was purified using a Blue Sepharose column (GE Healthcare, United Kingdom).
Western blot analysis. P. gingivalis strains were grown on TSB blood agar plates with or without purified S. cristatus CC5A ArcA (1 g/ml) for 48 h. The surface proteins of P. gingivalis were collected by sonication and centrifugation as described previously (36) . Protein concentrations of the samples were determined using a Bio-Rad protein assay. The soluble proteins (5 g) were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to nitrocellulose membranes (Gibco BRL) with a Mini Adherence assay. Attachment of P. gingivalis to the saliva-coated surface was quantified by the method of O'Toole and Kolter (22) . Bacterial strains were grown to mid-log phase (optical density at 600 nm, 1.0) and collected by centrifugation. The bacterial cells were resuspended in TSB, transferred to a six-well polystyrene plate precoated with human whole saliva (Corning Inc., Corning, NY), and incubated at 37°C. After washing, the biofilms were stained with 1% crystal violet and destained with 95% ethanol. The absorbance of ethanol solutions was determined with a spectrophotometer at 540 nm (Ultrospec 2100 Pro; Amersham Pharmacia Biotech). The assays were repeated independently three times.
Biofilm assay. Heterotypic biofilms of P. gingivalis-streptococci were generated on a polystyrene six-well plate and quantified using quantitative PCR (qPCR). Streptococcal cells (3 ϫ 10 9 ) were first incubated in the saliva-coated wells at 37°C aerobically for 4 h, and the unbound cells were removed by washing with PBS two times. P. gingivalis 33277 cells (3 ϫ 10 9 ) in TSB were added to the wells, covered with streptococcal biofilms, and incubated at 37°C anaerobically for 2 h. After removal of unbound P. gingivalis cells, S. cristatus CC5A or the arcA mutant (3 ϫ 10 9 ) suspended in 1 ⁄4 TSB diluted with PBS was added to the wells, respectively. To inhibit the planktonic growth of streptococcal cells, gentamicin (50 g/ml) was added to the 1 ⁄4 TSB, since P. gingivalis cells are naturally resistant to gentamicin. In the meantime, proliferation of P. gingivalis was also limited in the diluted medium. The six-well polystyrene microtiter dishes were incubated with gentle shaking for 16 h under anaerobic conditions. The number of P. gingivalis cells bound on S. gordonii biofilms and released from the biofilms was determined by using qPCR. P. gingivalis cells were lysed with lysis solution (solution A; Invitrogen). DNA was extracted using an Easy-DNA kit (Invitrogen). The cells in biofilms were enumerated by using a QuantiTect SYBR green PCR kit with the P. gingivalis species-specific 16S rRNA gene primers 5Ј-TGT AGATGACTGATGGTGAAA-3Ј and 5Ј-ACTGTTAGCAACTACCGATG T-3Ј or with S. gordonii DL1 species-specific arcA gene primers 5Ј-ATGCCAG ACTATCTCGAACG-3Ј and 5Ј-CAATACCTTCATTGCGAAGC-3Ј (30) . Stan dards used to determine P. gingivalis cell numbers were prepared using genomic DNA from the wild-type strain 33277. A fresh culture of P. gingivalis 33277, grown in TSB, was serially diluted in PBS and plated on TSB plates to obtain the CFU per milliliter at each dilution. DNA was also isolated from the dilutions, and a qPCR assay was run, as described above, to determine cell numbers. Three trials were performed on three separate cultures.
RESULTS
Differential expression of FimA protein in P. gingivalis in response to ArcA. Our previous studies demonstrated that P. gingivalis specifically represses the expression of the fimA gene at the transcriptional level in response to ArcA of S. cristatus (37) . In order to determine the differential expression of fimA at the protein level, a Western blot analysis was performed. Surface protein expression in P. gingivalis was compared in the cells grown in the presence or absence of S. cristatus CC5A. As shown in Fig. 1 , in the presence of purified ArcA (1 g/ml) in the growth medium, production of FimA was inhibited to a great extent in P. gingivalis 33277. In contrast, the expression level of Mfa1, a subunit protein of short (minor) fimbriae, was not altered by the presence of ArcA. This result was consistent with our earlier reports that fimA expression in P. gingivalis grown in medium supplemented with ArcA is reduced at the transcriptional level. Our data presented here demonstrate that purified ArcA is able to inhibit FimA production in P. gingivalis by repressing fimA expression at both the transcriptional and translational levels.
Role of S. cristatus ArcA in P. gingivalis attachment on salivacoated surfaces. We showed previously that S. cristatus CC5A inhibits biofilm formation of P. gingivalis (35) . To further show a role of ArcA protein in P. gingivalis colonization, adherence assays were conducted in six-well polystyrene microtiter dishes. Formation of P. gingivalis biofilms in the presence or absence of ArcA was examined at 8-h intervals for a total 72 h (Fig. 2) . During the first 16 h, the ability of P. gingivalis to attach to saliva-coated wells was unaffected by the presence of ArcA. After 24 h of incubation, however, the presence of ArcA markedly inhibited colonization of P. gingivalis 33277 on the salivacoated surface, likely due to repression of fimA expression in P. gingivalis.
Inhibition of P. gingivalis attachment on S. gordonii biofilms. Previous studies demonstrated that earlier colonizers of dental plaques, such as S. gordonii, provide the substrata for P. gingivalis colonization in the oral cavity (19, 23) . We also reported that ArcA expression is much lower in S. gordonii than in S. cristatus (16) . We wondered if S. cristatus can limit P. gingivalis colonization on S. gordonii biofilms. To test this, a modified biofilm assay was used. S. gordonii DL1 was first introduced (Fig. 3A) . In contrast, the arcA mutant (ArcAE) did not appear to affect the attachment of P. gingivalis on S. gordonii biofilms. Although the mechanism responsible for detachment of P. gingivalis from S. gordonii surfaces is not clear, one possibility is that bound P. gingivalis cells can reenter the incubation medium, but these released bacteria are unable to reattach tightly to the S. gordonii surface in the presence of CC5A. To test this hypothesis, the number of unbound P. gingivalis cells in the wells was also examined using qPCR. Significantly more P. gingivalis cells were found in the planktonic phase of the well in the presence of S. cristatus CC5A than that observed in the presence of the arcA mutant (Fig.  3B) . The number of unbound P. gingivalis was negatively correlated with the number of P. gingivalis cells in the biofilms. These results provide further evidence of an antagonistic relationship between P. gingivalis and S. cristatus. Moreover, to exclude the possibility that the enhanced number of P. gingivalis cells in the planktonic phase seen in the presence of S. cristatus CC5A was due to a reduced stability of S. gordonii biofilms, we examined the number of S. gordonii DL1 in the planktonic phase 16 h after S. cristatus CC5A or its arcA mutant was introduced and incubated with S. gordonii biofilms. We found that there was no significant difference in the number of S. gordonii released from the biofilms in the presence of wild-type strain CC5A or the arcA mutant (ArcAE), suggesting that S. cristatus CC5A functions as a specific inhibitor of P. gingivalis biofilms but has no apparent effect on S. gordonii biofilm stability (Fig. 4) .
DISCUSSION
P. gingivalis is one of the primary periodontal pathogens involved in periodontitis. The majority of P. gingivalis strains isolated from subgingival plaques of patients with periodontitis carry the fimA gene (6) . The fimA gene is classified into six types (genotypes I, Ib, II, III, IV, and V) based on the nucleotide sequence. We previously demonstrated that ArcA of S. cristatus inhibits expression of types I and II of fimA at the transcriptional level. Here, we provide evidence that production of the FimA protein is also significantly lower for P. gingivalis 33277 (type I fimA) grown in a medium containing purified ArcA. A comparison of biofilm formation of P. gingivalis grown in the absence or presence of S. cristatus ArcA showed a critical role of ArcA in the inhibition of P. gingivalis   FIG. 4 . Stability of S. gordonii biofilms in the presence of S. cristatus. S. gordonii DL1 biofilms were established on polystyrene surfaces covered with human whole saliva. S. cristatus CC5A or the arcA mutant (ArecAE) was introduced into the wells and incubated for 16 h. The unbound DL1 was determined using qPCR. Error bars indicate standard deviations.
FIG. 2. Quantitation of P. gingivalis attachment to a saliva-coated surface. Adherence assays were conducted in six-well polystyrene microtiter dishes. The wells were precoated with human whole saliva and inoculated with P. gingivalis 33277 at 37°C in an anaerobic chamber. The culture medium with or without ArcA (1 g/ml) of S. cristatus CC5A was changed every 24 h during the 72-h growth period. The abilities of P. gingivalis 33277 in the presence or absence of ArcA to attach and form microcolonies on the surface were quantified by crystal violet staining. Each data point represents the mean Ϯ standard deviation from three independent experiments.
FIG . 3 . Inhibition of the formation of S. gordonii-P. gingivalis heterotypic biofilms by S. cristatus. P. gingivalis 33277 was introduced into wells covered with S. gordonii biofilms and incubated in the absence of S. cristatus (Pg only) or in the presence of S. cristatus CC5A (PgϩCC5A) or the arcA mutant (PgϩArcAE) for 16 h. The numbers of P. gingivalis cells bound on S. gordonii biofilms (A) or in the planktonic phase (B) were determined by using qPCR. The variances among the groups were analyzed by Student's t test. The asterisk indicates a significant difference from the Pg-only control (P Ͻ 0.05).
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on September 22, 2017 by guest http://aac.asm.org/ attachment to saliva-coated surfaces. This observation is similar to our earlier finding in a fimA mutant (17) , suggesting that ArcA prevents biofilm formation of P. gingivalis by repressing expression of FimA. The ability to form biofilms is considered an important pathogenic feature of P. gingivalis, as bacteria in biofilms often have a lower susceptibility to antibiotic treatments. Therefore, this work raises the intriguing possibility of interfering with P. gingivalis colonization with indigenous oral bacteria, which could be translated into a therapeutic application to combat P. gingivalis infection. More than 600 bacterial species have been identified in the oral cavity, although some of them have not been cultured in vitro (24) . Distinctive microbial profiles are found in healthy individuals compared to patients with different forms of periodontitis (1, 4) . For example, significantly higher numbers of P. gingivalis, Tannerella forsythia, and Treponema spp. are detected in periodontitis patient samples. Apparently, the complexity and diversity of oral microbial communities have a major impact on oral health. In highly choreographed oral microbial communities, a successful colonization of P. gingivalis largely depends on its selective interaction with earlier colonizers, such as streptococci. There is strong evidence for the involvement of two sets of protein-protein interactions between P. gingivalis and S. gordonii (20, 23) . FimA of P. gingivalis interacts with glyceraldehyde-3-phosphate dehydrogenase of S. gordonii, while Mfa1, a short fimbrial protein, interacts with streptococcal SspB, a member of the antigen I/II family. It is not clear if these two sets of protein-protein interactions play distinct roles in the colonization of P. gingivalis on streptococcal substrates. We have shown here that in the presence of S. cristatus, approximately 50% of P. gingivalis cells are pulled out from the heterotypic P. gingivalis-S. gordonii biofilms after anaerobic incubation for 16 h. We have further demonstrated a critical role of ArcA expression in this process. These results suggest that the interaction of FimA and glyceraldehyde-3-phosphate dehydrogenase is required for stabilization of P. gingivalis colonization on streptococcal substrates. Moreover, the results also provide a strong molecular basis for our earlier clinical observation of a negative correlation between the distributions of P. gingivalis and S. cristatus (32) . Therefore, streptococcal ArcA may be utilized as a specific antagonistic agent against colonization of P. gingivalis.
